In this study, a dual-chamber microbial fuel cell (MFC) fed with actual potato chips' processing wastewater (PCPW) was tested as a biosensor. The performance of MFC-based biosensor was evaluated in terms of the current measurement range, toxicity detection and sensitivity, and the operational stability. The results revealed that the MFC can simply be converted to an online biosensor unit to detect the harmful effect of suspended solids and acidic content in the actual PCPW on the anodic attached biofilm and the values of the generated current as well. A notable decrease in the current values was observed indicating the adverse effects of the harmful matters in the PCPW fed to the biosensor unit. The results proposed a competition between the harmful components and the favorable substrate in binding to the redox complex. An excellent fitting was obtained between the experimental and predicted results by I K m model with determination coefficient (R 2 ) and mean-squareerror values of 0.927 and 0.363, respectively. Additionally, a new approach was developed based on direct measurement of actual field data to replace the conventional statistical methods.
Introduction
Microbial fuel cell (MFC) is a device in which the electrochemically active microorganisms can convert chemical energy into electrical energy by oxidizing the organic matter at anaerobic conditions and transfer the released electrons to the anodic electrode. In the MFC, the electrical current is a direct linear measure for metabolic activity of the electrochemically active bacteria [1] . MFC can be installed as part of a sensory network. It can be converted to a biosensor and used for the detection of soluble pollutants. Converting the MFC to biosensors can be accomplished by operating the MFC with a most sensitive external load that immediately makes changes in the electrical current value if the anodic attached biofilm has been poisoned. As the generated current can simply be monitored online, therefore, the MFC can play a role as an online biosensor for the microorganisms' activity [2] . The MFC converted to online biosensor is typically used to protect the quality of the flow such as process water, drinking water, or wastewater. In an online biosensor, the wastewater should be continuously fed to the anodic chamber of the MFC, and then, the sensor gives an alarm and detects the toxic matters entering the system [3, 4] . One of the main advantages of using MFC as an online biosensor is the possibility to obtain a self-powered biosensor. It has the advantage of a long-term stability using electroactive biofilms as sensing element with continuous growth of new bacterial cells to replace the old/dead cells which allows the device to operate in a very long functional lifetimes (> 5 years of continuous operation), and minimize the replacement of sensing elements [5] [6] [7] . The biosensors were first reported by Karube et al. [8] when they positioned a pure culture Clostridium butyricum as a sensing element to transfer electrons using hydrogen as electron acceptor. Liu et al. [9] used MFC-based biosensor for monitoring of anaerobic digestion process over 6-month operation period and the results revealed a good correlation with gas flow rate, pH, and COD removal. Also, it was found out that the pH values were affected on the biofilm negatively when it shifted away from its normal value Liu et al. [9] . Stein et al. [10] modified a bioelectrochemical model combined with enzyme inhibition kinetics which described the polarization curve of an MFC-based biosensor monitoring four types of toxicity. Shen et al. [11] proved the availability of fast monitoring of acidic toxicity using MFC-based toxicity biosensor. Stein et al. [12] provided polarization curves under both non-toxic and toxic conditions in MFC-based biosensor. The results confirmed the adverse effect of toxic components on the electrochemically active bacteria in the MFC. Chen et al. [13] suggested a cost-effective and rapid analytical method for detecting toxic substances using two-chamber MFC as a biosensor for in situ monitoring of p-nitrophenol. Jia et al. [14] developed MFC-based biosensor to monitor the operation of an up-flow anaerobic sludge blanket. The biosensors' properties were affected because of the excessive suffocation and acidification of the electron transport. Zhou et al. [15] used the MFC-based biosensor for monitoring toxic carbon monoxide. Schievano et al. [16] monitored the volatile fatty acids (VFAs) concentration in four MFC-based biosensors fueled in batch mode with four kinds of feedstock including kitchen waste, cheese whey, fishery waste, and citrus pulp. Jiang et al. [17] improved a novel gas diffusion (GD)-biocathode MFC sensor which can be used directly for formaldehyde detection from 0.0005 to 0.005% in both anaerobic and aerobic water bodies. Yue et al. [18] suggested that the optimal external load for MFC biosensor varied with each type of toxicants.
Yet, to the authors' knowledge, none of the previously published studies dealt with evaluating the performance of MFC-based biosensor fueled with real raw potato chips processing wastewater. The potato processing industry including potato chips manufacturing factories is one of the most worldwide spread food industries, which utilizes large volumes of fresh water in different subsequent operations. It contains high concentrations of total suspended solids (TSS) that must be removed and acidic or alkaline materials that should be subjected to neutralization prior to biological treatment to enhance the removal of high organic matters (carbohydrates) load resulting in high biochemical oxygen demand (BOD) and chemical oxygen demand (COD) [19, 20] .
This study aimed to investigate for the first time the effects of actual raw potato chips' processing wastewater (PCPW) on the anodic biofilm stabilization in a dual-chamber MFC-based biosensor. Unlike previous studies which concerned of single toxicant, the present study takes into consideration the effect of the dual inhibition of two toxicants; pH and TSS on the bioactivity of microorganisms. Also, the Butler-Volmer-Monod model suggested by Stein et al. [10] to convert MFC to a biosensor unit was developed and applied in this study.
This study was carried out after continuous operation for a relatively long-time duration (120 days) at a steadystate conditions regarding the biofilm activity and power generation. Then after, the pH adjustment unit and the suspended solids removal unit which proceeded the MFC system were eliminated to investigate the performance of MFC and the disturbance of the stabilized biofilm in the anode chamber of the MFC system in the absence of these two preliminary treatment units. Hence, the MFC-based biosensor models were developed and applied for the first time to estimate the changes occurred during the treatment of real raw PCPW in the MFC during the absence of pH adjustment and the suspended solid removal units.
Materials and methods

System configuration and operation
A horizontal dual-chamber MFC having an effective volume of 1900 mL for each chamber was designed and set up in this study. The anodic and cathodic chambers were separated by a cation exchange membrane (CEM) type CMI-7000. Graphite plain electrodes were used as the anodic and cathodic electrodes; each had a projected surface area of 128 cm 2 . Before introducing the biomass in the anodic section of MFC, the mixed bacterial cells were anaerobically enriched and acclimated using peptone-loaded MSM, following the procedure suggested by Huang et al. [21] . The Ag-AgCl reference electrode was introduced in the cathodic electrode upon operating the MFC as biosensor and the working electrode potential was recorded against the Ag-AgCl reference electrode. The anode chamber was continuously fed with actual potato chips' processing wastewater (PCPW) via a peristaltic pump. The average concentrations of the major constituents in the raw PCPW were 7830, 2580, and 2930 mg/L for COD, TSS, and TDS at pH 5.2-5.8. Phosphate buffer saline consisted of 8.5 g/L NaCl, 1.91 g/L Na 2 HPO 4 , and 0.38 g/L KH 2 PO 4 at pH 7.2 ± 0.2 was used as a catholyte and continuously sparged with an air pump at a rate of 10 mL/min. The MFC system preceded by holding-neutralization tank and a sedimentation tank was continuously operated for 4 months as a normal major MFC unit proceeded by the holding-neutralization tank and sedimentation tank as a primary treatment unit ( Fig. 1a ). Table 1 presents the average concentrations of the constituents in the PCPW after the primary treatment which included neutralization and sedimentation units for pH adjustment and TSS removal, respectively.
After 120 days of continues operation at a steady-state conditions, the MFC was converted to act as a biosensor. The transformation of MFC to biosensor requested: (1) elimination of the primary treatment units to keep the initial values of pH and TSS concentration without change, and (2) introduce the reference electrode Ag/AgCl in the cathodic section as given in Fig. 1b . Analytical methods
The MFC system was operated at a fixed external load of 100Ω, and the voltage was continuously measured using a voltage data logger (model: Lascar EL-USB-3, USA). The voltage values were converted to current according to Ohm's law:
, and R ext is the external resistance (Ω). Polarization curves were obtained by changing the external resistances within a range from 60,000 to 5 Ω. where η = overpotential (voltage loss) (mV), I max = maximum current determined by maximum enzymatic rates of microorganisms (mA), K m = substrate affinity constant (mol/L), K 1 = lumped parameter describes the ratio between biochemical and electrochemical rate constants, K 2 = lumped parameter describes the forward over backward biochemical rate constants, and S = substrate concentration (mol/L):
Description of biosensor model
where F = Faraday's constant (96,485 A/mol), T = temperature (K), and R = gas constant (8.314 J/mol K).
The presence of inhibiting components was not included or taken into account in this equation. Therefore, in this section, the model was extended by introducing an inhibition term to detect the toxicity effect. Then after, the sensitivity of the sensor for toxic compounds will be determined as a function of overpotential.
Description of MFC-based biosensor
The proposed model was developed to design MFC-based biosensor considering the microbial populations and their bioelectrochemical reactions in the anodic chamber. The model was applied for the MFC fed with actual PCPW and operated in a continuous mode. The following assumptions were considered:
1. The microorganisms' activity depends on pH and temperature; therefore, pH and temperature should to be under control to maintain an accurate signal from the MFC-based biosensor. 2. Under non-toxic conditions, the overpotential must be controlled to get a stable baseline, because the microorganisms' activity also depends on the energy obtained from the consumption of substrate.
The Butler-Volmer-Monod model (Eq. 1) was used as a starting point. It was assumed that the toxicity effect can be modeled and described by its effect on the kinetic reaction rates which presented by the electron transfer. The toxic components can influence several reaction rates depending on the mechanism of influence. An inhibition term [IT = (
was involved in the four proposed models, in which:
A smaller K i value means that the component is more toxic to the microorganisms.
1. The first model was symbolized as (I tox ). This model assumed that the toxic components play their role as an irreversible inhibitor or as a noncompetitive inhibitor [23] . Thus, the model was arranged as follows:
2. The relation between electrochemical and biochemical reaction rate which was described by k 1 constant might change when the toxic components may play a role as an electron acceptor. In this case, the current decreases due to the fact that redox complex is not fully oxidized at the anode due to the existence of toxic components. This model is called ( I k 1 ) and calculated by:
3. The relationship between the backward and forward reaction rate constants of substrate oxidation was described by k 2 constant. This relation can be changed when no products are formed anymore or much more products (CO 2 and protons) are formed. When the toxic component is acidic, this relation also changes. Thus, the reduction of the forward reaction rate is caused by the increased concentration of protons (H + ). This model is called ( I K 2 ) and is given by:
(2)
4. When there is a competition between toxic component and substrate to bind to the redox complex, the substrate affinity constant K m might change [22] . This model is called ( I K m ) and calculated as follows:
Sensitivity for toxic components
At the maximum change of the generated electrical current with equivalent change in the concentration of toxic components, the MFC-based biosensor will be most sensitive for toxic compounds. Therefore, the derivative of the current (as a function of overpotential η) with respect to the concentration of toxic compound should be at the maximum. The overpotential can be calculated using the following equation:
where dI( ) dX i = the sensitivity of the current for toxic compounds. * = overpotential value within the interval [0, 700] mV, which gives maximum sensitivity. This objective can be achieved by plotting the derivative of current to toxicity ( dI dX i ) as a function of overpotential, η.
Development of MFC-based biosensor
As given in Eqs. 2-5, the inhibition term (
in the four proposed models, in which K i usually estimated by statistical methods for the best fit and X i can be estimated by direct measurement of a specific toxicant in the bulk solution before and after the exposure to toxicity. This method is only suitable for laboratory synthetic wastewater and it is difficult to be applied for real wastewaters which may contain more than one type of toxic matters. Therefore, in the present study, the inhibition term was calculated and estimated by new approaches based on the values which can be measured directly in real wastewater as follows:
1. The inhibition term was extended to contain at least one parameter that can be measured directly in wastewater. Therefore, in case of adding the difference in the measured concentration of TDS between influent and effluent (∆TDS) to the inhibition term, a new term named (IT1) can be obtained as follows:
(4)
The inhibition term was calculated as a fraction of the ratio between (∆TDS) and the measured TDS concentration in the influent stream (Influent TDS); this term named (IT2) and calculated as shown below:
3. The toxicity can be determined as inhibition ratio (IR) by measuring the changes of the maximum output voltage in MFC, when inhibition ratio represents the ratio between maximum voltage output at toxicity-free condition and maximum voltage output a toxic condition as given below [24, 25] :
where V clean is the maximum voltage output resulted from clean anolyte without toxic matters and V toxic is the maximum voltage output resulted from toxic mattersloaded anolyte.
MATLAB software version (R2017b) was used to solve a set of equations from Eqs. (1) to (6) . The useful parameters as well as the constants related to the performance of biosensor are summarized in Table 2 .
These models are based on enzyme inhibition kinetics, while combined effects may also play a role. In practice and reality, the biomass inhibition may not be due to single type of toxicants. To the authors' knowledge, combined inhibition was not taken into full consideration in the previously reported studies [27] . Most recently, Zhao et al. [28] investigated the use of sediment microbial fuel cell (SMFC) as a biosensor for in situ real-time monitoring of Cr(VI), in which the organic substrate was oxidized in the anode and Cr(VI) is reduced at the cathode simultaneously. The system showed high specificity for Cr(VI) which was considered as the solely toxicant, as other co-existing ions such as Cu 2+ , Zn 2+ , and Pb 2+ did not interfere with Cr(VI) detection. Hence, the current study considered the effect of dual toxicants; pH and TSS which were commonly found in real samples of PCPW.
Results and discussion
Performance of MFC-based biosensor
To convert the MFC to a biosensor unit, the MFC should be operated after achieving the steady-state conditions
at the optimum value of overpotential. In this study, the proper value for the inhibition term was equal to 0.065 which gave the smallest mean-square error (MSE) within the range of the inhibition term of (0-1) to the original curve (normal condition with primary treatment of PCPW). The affinity constant (K i ) and the concentration of toxic component (X i ) were found to be 0.7 and 10 mmol/L, respectively. These values were estimated by trial-and-error method due to complexity of the actual PCPW. Figure 2 illustrates the plot of the current values when MFC run at steady-state conditions and the expected changes for each model when considering the existence of toxic components in the PCPW.
MFC sensitivity
As mentioned above, the MFC should be operated at the optimum value of overpotential after achieving the steadystate conditions which makes the MFC more sensitive to the toxic components. For example, when the toxic components Fig. 2 Original current curve and expected curves for models; I tox , I k 1 , I K 2 , and I K m for MFC biosensor fed with PCPW without primary treatments Fig. 3 The change in current value (Sensitivity) for models I tox , I k 1 , I K 2 , and I K m when toxic compounds affect the biomass affect the cell, the most sensitive setting must be at the overpotential value which gives the maximum change of the electrical current for any toxic concentration. The derivative of current to toxicity, dI/dX i , is plotted versus overpotential. At maximum value of dI/dX i , the sensor is the most sensitive at the corresponding overpotential. The optimal setup values of overpotential with corresponding maximum current changes are given in Fig. 3 and Table 3 .
In practical systems, this method is considered as an efficient approach to keep higher sensitivity for each model using four electrodes in one anodic chamber in a small labscale MFC and set each one to detect any type of toxic compounds which may minimize the COD removal efficiency. For example, the effect of toxic compounds can be estimated by model I k 1 at any time based on the ratio between biochemical and electrochemical rate constants and so on for other models.
Detection of PCPW toxicity
To detect the type of toxic compounds in the actual PCPW and their effects on the four biosensor models, the MFCbased biosensor was fed with raw PCPW without pH adjustment and suspended solid removal. The current values were plotted versus the overpotential values and fitted with the four models to estimate the factors which may adversely affect the biomass activity. The experimental and predicted results for MFC as a biosensor are given in Fig. 4 .
The data of the polarization curves presented in Fig. 4 were collected and recorded, while the biofilm was still exposing to the toxicants; low pH and high concentration of TSS.
However, in spite of the toxicity shock, it exhibited a stable electrical current signal. Than after, when the primary treatment was re-introduced to the MFC system and re-functioned again, it took a period of 3-5 days for the biofilm to restore its normal function before exposing to the toxic shock in the system after eliminating the primary treatment units represented by a holding-neutralization and the sedimentation tanks. Table 4 summarizes the mean-square error (MSE) and the coefficient of determination (R 2 ), which were considered to assess the goodness of the models fitting.
In the present study, the major pollutants in the real PCPW were COD, TSS, and acidic pH. When the raw PCPW directly fed to the MFC without primary treatment, the activity of the biomass inhibited and the polarization curve fit with the ( I K m ) curve, indicating that the existence of TSS and acidic pH affected the substrate affinity constant (k m ) which refers to the substrate influence on the biochemical conversion. This observation is in a good agreement with the fact that a competition happened between toxic component and substrate to restrict the redox complex and affect the I K m , which means a disturbance occurred and prevented the redox component to transfer electrons correctly to the anode surface [23] . However, when the pH and TSS concentrations simultaneously changed in the anodic section, the variation in the value of the potential was relatively higher compared to the potential change when the pH is the sole toxicant as reported by Stein et al. [3] and Chen et al. [13] . A previous study reported by Stein et al. [12] suggested that other toxicants including nickel, bentazon, and sodium dodecyl sulfate (SDS) well fitted with model (I tox ), whereby ferricyanide was best fitted to model ( I K 2 ) or (I tox ), depending on its initial concentration.
Due to complexity of the real wastewater composition, a new approach for estimating the inhibition term was developed in this study based on real-field measured data instead of the conventional statistical method. For I k 1 estimation, the difference in total dissolved solids concentrations (ΔTDS) was introduced into the inhibition term, whereby where V clean is the cell-voltage value at the toxicity absence; V toxic is the cell-voltage value at the toxicity existence. The results revealed that the new calculated values of IT1, IT2, and IR were significantly similar to I k m and the statistically estimated IT value. Figures 5, 6 , and 7 and Table 5 indicated an excellent fitting of real data with I K m .
These results demonstrated that for IT1 calculation, the value of R 2 increased and MSE decreased indicating the validity of introducing ΔTDS values in the estimation of
inhibition term. However, for IT2, the R 2 increased with very slight increase in MSE value, whereby similar R 2 with decreased MSE were observed for IR, indicating its potential. Accordingly, these findings proved that replacing the conventional statistical approach for IT calculation by realfield measured data to; (1) develop the IT to IT1, and (2) introduce the IT2 and IR for inhibition term estimation, was favorable and significantly increased the results' accuracy.
Conclusions
This study investigated, for the first time, the feasibility of converting a long-term operated MFC to a biosensor unit to detect the adverse effects of eliminating the primary treatment units for the raw PCPW before entering the MFC. Results demonstrated that MFC can be converted to biosensor to detect the harmful effect of suspended solids and acidic content in PCPW on the biomass activity. An obvious decrease in current values was observed when harmful substances enter the biosensor. The results revealed that a competition between the toxic components and the substrate to bind to the redox complex was occurred by excellent fitting of experimental data with curves of I K m model with values of R 2 and MSE equal 0.927 and 0.363, respectively. The development of biosensor method depending on directly measured values in the real field showed a significant similarity with the conventional statistical methods. This unique biosensor could be used in situ to protect the whole system without using a costly sensor. 
